Aim. To study congenital heart defects (CHDs), evaluate their relation to extra-cardiac pathologies, and assess the significance of prenatal diagnostics for heart diseases. Methods. Data from 1999-2017 were analyzed for the incidence of significant CHDs in fetuses (prenatal ultrasound/ echocardiography) and children, including, where applicable, autopsy data and genetic evaluation. Results. Among 220,400 fetuses, 819 (3.7 cases per 1000) significant CHDs were observed. Of the total, 53% (435/819) of CHDs were diagnosed prenatally. The heart defect was an isolated impairment in 78% (640/819), associated with a genetic impairment in 16% (128/819), and with extra-cardiac malformations without genetic pathology in 6% (51/819). Chromosomal aberrations were diagnosed prenatally in 70% (90/128) of those affected and extra-cardiac conditions in 86% (44/51). The CHD and genetic pathology association was more frequent prenatally [21% (90/435) vs. postnatally: 10% (38/384; P<0.0001)], as was the association between CHD with other extra-cardiac pathology and a normal karyotype [prenatally: 10% (44/435) vs. postnatally: 2% (7/384; P<0.0001)]. Conclusion. Heart defects are most frequently isolated, with genetic and other extra-cardiac anomalies in about one third of cases, significantly linked to prenatal diagnostics.
INTRODUCTION
Heart defects are the most frequently observed morphological defects 1 , representing up to 40% of all congenital malformations 2 . The incidence of congenital heart defects (CHDs) is typically reported as 6-8 cases per 1000 live births 3 , with ventricular and atrial septal defects as the most common entities. Of the total number of CHDs, 35% are considered critical. During prenatal development, the heart begins forming by days 18-19 in the cardiogenic zone, arising from the neuroectoderm and the splanchnic part of the mesoderm. Paired endocardial tubes fuse on day 22, followed by compartment formation by rotations and septations, and heart development is completed by pregnancy week 8. The first contractions of the primitive cardiac tube can be seen by the end of the third week of development. Congenital heart defects may originate in various steps along this pathway, including erroneous rotation of the heart loop, disorders of septation of individual heart compartments and vessels with pathological development of the pulmonary-vascular system, or impaired development of the arterial circulation. Heart defects can be associated with other anatomical anomalies and a secondary presentation of disorders of organs in the thoracic cavity or abdominal cavity.
The etiology of CHDs is complex when genetic and environmental factors also come into play 4 , but typically, multifactorial and unclear influences prevail. Approximately 20-25% of CHDs are associated with a precise genetic cause 5, 6 . The genetics of CHDs has been studied for some time, with a number of clinical trials and recommendations pertaining to the relation between genetic pathologies and CHDs (ref. 7 ). Newly identified genes and their relevant variants are being studied, together with a possible influence of cryptic chromosomal aberrations 8 . Despite significant progress in genetic diagnostics and knowledge of genetic models and new genes 9 , variable penetrance and phenotype variability are frequently observed, making genetic diagnostics more difficult.
Most significant CHDs can be detected prenatally 10 . In the Czech Republic, screening is performed by a gynecologist, pediatric cardiologist, or a geneticist. If pathology is suggested, the workup will include evaluation of extracardiac anomalies and acquisition of additional genetic examination. The parents are always fully informed and have the option to continue or terminate the pregnancy.
Prenatal diagnostics for CHDs is improving. The increasing efficacy is associated not only with the development of ultrasound techniques and the better experience of the physicians performing the examination but also with advances in medical genetics.
The aim of the current work was to evaluate the incidence of CHDs to determine their relation to extra-cardiac pathologies and evaluate the significance of prenatal diagnostics in relation to cardiac diseases.
METHODS
The incidence of CHDs was observed through a 19-year retrospective study analyzing data from 1999-2017 for 220,400 fetuses. This population represents the catchment area of the authors' center, i.e., University Hospital Ostrava, a tertiary referral center for pediatric and prenatal cardiology. The incidence of significant CHDs, rate of their prenatal detection, and relation between CHDs and genetic and extra-cardiac pathologies were monitored. A significant heart defect was defined as a surgical procedure performed within the first year of a child's life. In cases of pregnancy termination, an autopsy was performed in the presence of a pediatric cardiologist. Continuing pregnancies were monitored, and newborns with heart defects were delivered at a specialized center. The data were updated continuously, including analyses from genetic reports.
The obtained data were stored and processed using Microsoft Excel. The same program was used for descriptive statistics and chart generation. Results are presented as tables of numbers and percentages. For comparison of categorical variables, the chi-squared test was used. The level of significance α for the probability of a type I error (P or P value) was set at 0.05 for all tests. The IBM SPSS software v. 24 was used to perform these tests.
RESULTS
During the 19-year follow-up, a total of 819 (3.7 per 1000 fetuses) CHDs were observed among 220,400 fetuses and newborns. Of these, 53% (435/819) were detected prenatally. In the study, CHDs were diagnosed at a gestational age between the 12 th and 32 nd week of pregnancy (median the 21 st week). In the prenatal period, only 5% (22/435) of CHDs were detected in the first trimester. In this group, the defects with a significant change in the morphology of the ventricles and atrioventricular septum (hypoplastic left and right heart, atrioventricular septal defect) prevailed, in 65% and 35%, respectively. In the first trimester, CHD diagnosis was more associated with extracardiac pathology, 80% of fetuses had chromosomal aberrations, or another extra-cardiac pathology with a normal karyotype. The overall incidence of CHDs and percent detected prenatally are presented in Fig. 1 . The success rate of prenatal detection of significant CHDs increased continuously, from 20% in 1999 up to the current 80%. In cases of CHDs significantly altering the four-chamber projection of the heart (hypoplasia of the left and right ventricles, common ventricle), the rate of detection reached 100% in the observed region in recent years. The proportion of successfully detected genetic diagnoses increased with the increasing efficacy of the prenatal screening of CHDs (Fig. 2) . The heart defect was observed as an isolated impairment in 78% (640/819) of cases, in association with a genetic impairment in 16% (128/819), and in association with extra-cardiac malformations without any genetic pathology in 6% (51/819). Table 1 shows the relation between genetic and other extra-cardiac anomalies and individual types of CHDs, Figure 3 shows the genetic syndromes related to CHDs, and Table 2 gives a detailed listing of CHDs in relation to individual genetic abnormalities.
From the total number of chromosomal aberrations and other extra-cardiac anomalies with a normal karyotype, 70% (90/128) and 86% (43/50) respectively were associated with a prenatal diagnosis, and 30% (38/128) and 14% (7/51) were diagnosed postnatally (Fig. 4A,  B) . The association between a CHD and genetic pathology was higher prenatally than with postnatal detection [prenatally: 21% (90/435) vs. postnatally: 10% (38/384;
P<0.0001)].
At the same time, the association of a CHD with another extra-cardiac pathology was prenatally significant [prenatally: 10% (44/435) vs. postnatally: 2% (7/384; P<0.0001)]. Among the prenatally detected CHDs, 53% (229/435) of families decided to terminate the pregnancy. In the group of 229 terminated pregnancies, 58% (133/229) of fetuses were diagnosed with an isolated CHD, 30% (68/229) had an associated genetic pathology, and 12% (28/229) were associated with another extra-cardiac malformation.
DISCUSSION
Heart defects are the most frequently observed morphological defects 9 , with a reported incidence in very wide ranges between 6 and 18 cases per 1000 live births 11, 12 . These numbers may reach 30/1000 when taking into consideration bicuspid aortic valves, and 75 cases per 1000 live births when including all insignificant forms of CHDs, including minor septal defects 13 . The development of a heart defect is most probably associated with a combination of genetic and non-genetic factors 14 . Despite advancements in medical genetics, the cause of a large proportion of these defects remains unknown, and from the clinical point of view, it is necessary to take into account environmental factors and accept the validity of the multifactorial hypothesis 15 . The main findings of our study are as follows: i) prenatal diagnostics of extra-cardiac pathologies has improved with the increasing effectiveness (abbreviations see Fig. 1 ) of prenatal diagnostics of CHDs; ii) in most cases, CHDs are observed as an isolated finding; iii) the most frequent CHD associated with a genetic abnormality is atrioventricular septal defect, and the most frequently observed syndrome associated with CHDs is trisomy 21; and iv) the diagnostics of a CHD associated with a genetic or other extra-cardiac pathology is significantly associated with the prenatal period, and the pathological diagnosis contributes to the parents' decision-making concerning pregnancy termination. Fetal echocardiography is a very precise technique for detection of cardiac malformations, providing excellent results when performed by an experienced physician 16, 17 . The highest yield and possibility for assessing the heart anatomy remains between the 18 th and 22 nd weeks of pregnancy 18 , and we still prefer this period, despite advances in ultrasound techniques. It is also possible to offer early fetal diagnostics in cases of pregnancies associated with risk factors [19] [20] [21] . The success rate of prenatal diagnostics of CHDs has generally increased 22 , with some variation among countries 23 . In the Czech Republic, prenatal detection of CHDs is high, as in much of Europe. In the Czech Republic the rate increased from 0.6% in 1986 to 36 ), and up to 95% of cases of hypoplastic left heart syndrome were detected in recent years 26 . In this study, half of significant CHDs were first diagnosed prenatally in 2005, but this yield subsequently increased to the current level of 80%, and CHDs altering the shape of the four chambers of the heart are presently detected in 100% of cases.
At the same time, great advancements have been observed in medical genetics 27 . Karyotype testing continues to play an important role, and we use it in pediatric cardiology in patients with a suspicion of a clear chromosomal syndrome (Trisomies 13, 18, 21, monosomy X). The FISH (fluorescent in situ hybridization) technique is used specifically in patients with CHDs associated with a suspicion of microdeletion syndromes (DiGeorge, Williams-Beuren, Smith-Magenis). Another technique that has become more and more popular is the comparative genomic hybridization (CGH) array 28 , a molecular cytogenetic technique for mapping submicroscopic changes in the whole genome. It is the first-choice technique in diagnostics of developmental disorders and autism; in pediatric cardiology, this technique is used in CHDs combined with other defects, atypical facial features, or dermatoglyphic pathologies.
Classical molecular genetics is aimed at one specific gene or detection of a certain mutation. Another possibility is multiplex ligation-dependent probe amplification, with the option to combine various probes to detect more complex changes (e.g., Prader-Willi syndrome). Recently, the possibility of whole-genome or whole-exome scanning (next-generation sequencing; NGS) has been developed. The so-called panel assessment (sequencing of many genes at the same time for mutations that may be responsible for the given clinical picture or disease) may be used to diagnose cardiomyopathies or in arrhythmology.
In fetal medicine, we perform karyotype testing or a targeted FISH test following amniocentesis or chorionic villi sampling; in cases of combined defects or other ultrasound pathologies, we use array CGH (with the perspective that the array CGH testing will become the technique of choice during each prenatal invasive assessment). Sequencing is not yet being used in the clinical practice of fetal medicine. Preimplantation screening is gaining importance in reproductive medicine, performed from embryonic cells or trophoblasts (array CGH, NGS) for chromosomal changes, together with preimplantation diagnostics and testing aimed at the given disorder or mutation.
Of the original 5-10% share of genetic abnormalities associated with the etiology of CHDs, approximately one third have been clarified. Most of the known causes of CHDs are de novo or inherited genetic abnormalities (chromosomal syndrome, de novo copy number variants, de novo gene mutation, inherited gene mutation). Despite improvements in detection and interpretation techniques, complications of phenotype heterogeneity and incomplete penetration are possible 29 . Unknown etiology remains in two thirds of cases of CHDs. Among our patients, 22% of fetuses and children had a CHD associated with another impairment (16% chromosomal aberrations, 6% extra-cardiac pathologies with a normal karyotype), corresponding to the results of other studies 30 . Nevertheless, it is also possible to find patient files with a higher share of extracardiac pathologies 31 . The current results were obtained over a relatively long period of time, and the genetic cause was diagnosed in 22% of CHDs in 2017, of which 8% of fetuses had a CHD with another morphological pathology.
Significant and critical CHDs were observed in the monitored population, with an incidence of 3.7 cases per 1000 live births, similar to other studies 32 . The most frequently observed significant CHD was ventricular septal defect. The highest frequency of genetic abnormalities was associated with atrioventricular septal defects (47%), with a dominant Down syndrome found in 38% of cases, as also presented in the literature 33 . Other conditions reaching over 25% of the genetic share in CHD etiology were common arterial truncus, interruption of the aortic arch, and tetralogy of Fallot. Trisomies 21, 18, and 13 and 22q11 deletion (DiGeorge syndrome) were responsible for 80% of all genetic abnormalities. Turner syndrome, which is the most common female chromosomal aberration, was most commonly associated with coarctation of aorta. A CHD is observed on average in 50% of people with Down syndrome 34 ; in our work, it was the most frequently observed genetic pathology associated with a CHD and, with the exception of the above mentioned atrioventricular septal defects, was most often associated with the tetralogy of Fallot and ventricular septal defects. The second most frequent aberration was DiGeorge syndrome, most frequently seen with tetralogy of Fallot 35 . It is interesting to note the identical incidence of trisomy 21 and 22q11 deletion in our study. Trisomy 18, as the third most frequent chromosomal pathology, was also observed with a predominance of atrioventricular septal defects. During the monitored period, no genetic pathology was observed in association with Ebstein's anomaly, pulmonary atresia with an intact ventricular septum, transposition of great arteries, total anomalous pulmonary return, tumors of the rhabdomyoma type, corrected transposition of great arteries, isolated dextrocardia, and rare ectopia cordis.
The diagnostics of CHDs, including their association with genetic and other concomitant anomalies, is currently significantly linked to prenatal diagnostics, and most of these significant pathologies are identified prenatally. This increased effectiveness has been enabled by significant development of cooperation between ultrasound diagnostics and genetics. The cooperation is bidirectional: a gynecologist or pediatric cardiologist indicates further testing of the fetus upon discovery of a CHD, or the geneticist indicates further assessment of the fetus when significant risks are identified in the family history or during ongoing pregnancy.
Some parents decide to terminate the pregnancy when a defect is detected. The number of terminated pregnancies upon diagnosis of a fetal CHD significantly varies among registries, from 0 to 50%. The Czech Republic is a country with the highest number of terminations. Parental decision-making is influenced by the significance of the CHD, age, and associated anomalies 36 . Early fetal diagnostics of significant defects results in termination rates of over 70%. During the monitored period in the current work, 53% of families chose to terminate the pregnancy when a CHD was diagnosed prenatally. Of the terminated pregnancies, 30% had a chromosomal aberration and 12% another extra-cardiac impairment.
One of the advantages of our study is the longterm monitoring of development of prenatal diagnostics of CHDs in the region, precise determination of its effectiveness, and knowledge of all significant cardiac pathologies, including extra-cardiac impairments. A disadvantage of the study is the postnatal limitation to significant heart defects only; however, we consider this sufficient for the purpose and sense of prenatal care.
CONSLUSION
In conclusion, our data indicate that a heart defect usually occurs as an isolated impairment. Genetic and other extra-cardiac anomalies are associated with approximately one third of cardiac diagnoses and are significantly linked to prenatal diagnostics. Associated anomalies contribute to the decision-making of parents regarding termination of pregnancy. Careful further assessment of the pathological pregnancy is critical, and appropriate counseling must be provided for the affected family.
